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Abstract Searches for new physics in the coherent elas-
tic neutrino-nucleus scattering require a precise knowl-
edge of the neutrino flux and energy spectrum. In this
paper we investigate the feasibility and the performances
of an experiment based on a 51Cr source, whose neu-
trino spectrum is known and whose activity can be
heat-monitored at few permil level. With a 5 MCi source
placed at ∼ 25 cm from the detector, under an expo-
sure of two 51Cr half-lives (55.4 days), we evaluate 3900
(900) counts on a 2 dm3 target of germanium (sapphire)
featuring an energy threshold of 8 (20) eV. To further
increase the exposure, multiple activations of the same
source could be possible.
1 Introduction
Predicted in 1973 [1] and observed for the first time
in 2017 [2], the coherent elastic neutrino-nucleus scat-
tering (CEνNS) has been proposed to search for neu-
trino magnetic moment, Z’ exchange, non-standard in-
teractions, sterile neutrinos [3–7], and to perform preci-
sion measurements of the nuclear form factor [8] and of
sin2 θW at low momentum transfer [9]. The advantage
of CEνNS relies in the relatively large neutrino cross
section, which scales quadratically with the number of
neutrons in the nucleus [10]:
dσ
dT
=
G2F
4pi
F 2(q2)Q2WMA
(
1− MAT
2E2ν
)
(1)
where GF is the Fermi constant, F the nuclear form fac-
tor, QW = N −Z(1−4 sin2 θW ) ' N , N the number of
neutrons in the nucleus, Z the number of protons, θW
the Weinberg angle, MA the nucleus mass, T the nu-
cleus recoil energy and Eν the neutrino energy. On the
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other hand, the recoil energy T ≤ 2E2ν/MA is small, of
the order of tens or hundreds of eV for MeV neutrinos
on a Germanium target. To achieve small energy thresh-
olds, germanium diodes [11, 12], CCD’s [13], and cryo-
genic phonon detectors of silicon, germanium [14, 15],
sapphire and CaWO4 [16] have been proposed.
Current searches for new physics in CEνNS could
be limited by systematic errors on the neutrino flux
and energy spectrum, as in the case of power nuclear
reactors, where models of the neutrinos emitted by the
nuclear fuel are limited in precision [17, 18]. Instead,
artificial nuclear sources can be characterized with high
precision and were already employed in the past in the
GALLEX (51Cr) [19] and SAGE (51Cr, 37Ar) [20] ex-
periments, and recently proposed by the SOX experi-
ment (144Ce) [21] which, however, was stopped by dif-
ficulties occurred during the isotope mass production.
In this paper we set the requirements for an experi-
ment on CEνNS with a high-intensity source of 51Cr, an
electron-capture decaying isotope with a half-life of 27.7
days. The neutrino spectrum consists in four monochro-
matic lines, including the most energetic 747 keV (81%)
and 752 keV (9%) lines which can be exploited for the
coherent elastic neutrino-nucleus observation (see the
complete decay scheme in Fig. 1).
One advantage of this choice consists in the possi-
bility of reusing the source of the GALLEX experiment,
which is still owned by INFN: 36 kg of Cromium 38.6%
enriched in 50Cr, that need to be activated at a nuclear
reactor. Another advantage consists in the possibility of
measuring the activity at few per mill level with small
modifications of the thermal calorimeter already devel-
oped by SOX for its 144Ce source [23].
After reviewing the possibilities to activate the source,
studying its gamma-ray shield and the activity mea-
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Fig. 1: 51Cr decay scheme [22].
surement, we propose an experimental configuration
placing the source as close as ∼ 25 cm to the detec-
tor. Given that the maximum recoil energy amounts to
tens of eV (Fig. 2), only the case of cryogenic phonon
detectors is considered.
2 Activation of the Cr sample
We take as reference the irradiation performed in 1994
to produce the 1.7 MCi source of GALLEX [19, 24].
This source was obtained by neutron activation of the
full sample of 36 kg of Cr, in the form of ∼1 mm3 metal
chips, with a total number of 50Cr nuclei amounting
to 1.6 × 1026. The irradiation was performed at the
Siloe´ reactor in Grenoble, nowadays decommissioned,
and lasted 23.8 days. The reactor core was specially re-
configured to host zircalloy containers for the Cr chips,
that were exposed to an average thermal neutron flux of
5.2× 1013 n/cm2s. This number was directly measured
during the activation and takes into account the per-
turbation of the neutron flux due to the self-shielding of
the Cr sample. The value of the unperturbed neutron
flux is not available in literature however we can refer
to the IAEA’s Research Reactor Database [25], where
the maximum total flux of the Siloe´ reactor is quoted
in the range 2− 4× 1014 n/cm2s.
In the following we survey some of the possible sites
to activate the source. Power reactors are not suitable,
because they have no internal sites to place irradiation
targets. Conversely, some research reactors have facili-
ties which in principle are suitable in terms of neutron
flux and space available to fit the Cr target. We restrict
the list to sites with high neutron fluxes, in order to
activate the largest possible number of nuclei.
- The BR2 reactor at Mol (Belgium), is not only one
of the most powerful (up to 100 MW) material test-
ing reactor in the world, but also a major facility for
radioisotope production. The reactor, whose core is
80 cm high, has a 20 cm  central large channel,
with maximum thermal neutron flux 1015 n/cm2s,
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Fig. 2: Differential cross section as a function of re-
coil energy T for 51Cr neutrinos on typical targets used
in cryogenic experiments: silicon, germanium, sapphire
and calcium tungstate. The nuclear form factor in Eq. 1
is assumed unitary [31].
and 3 peripheral large channels with 3×1014 n/cm2s.
The typical cycle is three weeks [26].
- The High Flux Isotope Reactor (HFIR) at Oak Ridge
(USA), 85 MW power, has irradiation positions with
thermal fluxes up to 1.2–2.5×1015 n/cm2s, however
irradiations must be carefully reviewed with respect
to their neutron poison content, which is limited be-
cause of their adverse effects on the reactor power
distribution and fuel cycle length [27]. Neverthe-
less HFIR has also 16 small (4 cm ) and 6 large
(7.2 cm) vertical experiment facilities (VXF), 50 cm
high, with maximum thermal neutron flux in the
range 4–7×1014 n/cm2s. Large neutron poison loads
in VXF facilities are of no particular concern [28].
- Other reactors with similar features are the Ad-
vanced Test Reactor (ATR) at Idaho National Lab-
oratory (USA), the HFR reactor at Petten (Nether-
lands), and the SM3 or MIR.M1 reactors at Dim-
itrovgrad (Russia). The Jules Horowitz Reactor (JHR),
currently under construction in Cadarache (France)
will feature facilities in the reflector region with ther-
mal fluxes up to 5×1014 n/cm2s [29].
Considering an average unperturbed thermal neutron
flux of 5× 1014 n/cm2s, we calculated the activity that
would be obtained after 24 days of irradiation of the
Cr target. We performed Monte Carlo simulations with
the MCNP code [30] to evaluate the self-shielding ef-
fect in different irradiation geometries and obtained an
activity in the range of 3.5–7 MCi.
In the following we assume the activity of 51Cr as
5 MCi. If not sufficient, the source could be re-activated
several times, since the number of 50Cr isotopes trans-
3muted would correspond to the 0.4% only of the GALLEX
sample. Increasing the irradiation time instead is not
obvious, because irradiation cycles of research reactors
typically last three weeks.
3 Source shielding and activity measurement
51Cr produces only 320 keV gammas in 10% of the de-
cays that, from the safety point of view, can be easily
shielded by a few centimeters of tungsten. The most
worrisome radiation, instead, comes from the sample
impurities. In GALLEX, despite the special care taken
in all the chemical processing stages, impurities with
(n,γ) cross section in the barn range were activated dur-
ing irradiation, producing radionuclides with lifetime of
several days. In particular, the 1.3-1.5 MeV γ emitter
110mAg (T1/2 = 150 d) was found with an activity of 4
GBq [32], while other long-lived emitters such as 46Sc
(1.2 MeV), 60Co (1.1-1.3 MeV) and 124Sb (2 MeV) were
found with an activity smaller than 0.5 GBq [24]. As-
suming the same activation factor of GALLEX, an ac-
tivity around 12 GBq is expected from a 5 MCi source.
To comply the safety rules (dose at contact < 100-
200 uSv/h), an attenuation factor > 2000 is necessary,
which could be achieved with a shield of tungsten at
least 8 cm thick.
The γs escaping the shield may reach the detector
and generate a continuum background down to the sig-
nal region via Compton scattering. Aside the impuri-
ties, the 51Cr would produce γs up to ∼ 750 keV via
inner bremsstrahlung which, even if suppressed by a
factor 7 × 10−4, is still abundant in a 5 MCi source
(185 PBq). The purification level of the source and the
shield thickness needed to not overwhelm the neutrino
signal depend on the geometry of the experiment and
on the detector materials, and are analysed in the next
section.
Since the 320 keV γ, the X and Auger radiations
are completely absorbed and the heat released by im-
purities is negligible, a total of (36.51± 0.161) keV is
liberated per each 51Cr decay, corresponding to 422 W
for a 5 MCi source. To measure the activity, just be-
fore and after the data taking, the shielded source can
be inserted inside a thermal heat exchanger in which
ultra-pure water circulates and eventually absorbs the
heat, increasing its temperature. As it has been shown
in Ref. [23] for the case of 144Ce, the thermal losses due
to the convection, conduction and irradiation can be
minimized at negligible levels. By measuring the mass
flow and the inlet and outlet water temperatures, the
heat power can be evaluated with 0.2% precision. Since
the 51Cr half-life is about 10 times shorter than the
144Ce half-life for which the apparatus was designed
and calibrated, a systematic shift of about 0.5% in the
measured power arises, due to the delay time induced by
the heat propagation from the source to the water. Nev-
ertheless the delay time can be decreased by improving
the thermal contact between the shielded source and
the heat exchanger, or it can be measured during the
calibration phase, allowing the precision to be preserved
at few per mill level.
4 Prototype experiment
Next generation phonon detectors for dark matter and
CEνNS search aim at kg detectors with energy thresh-
old of tens of eV. The NUCLEUS experiment already
demonstrated 20 eV threshold on a 0.5 g (5×5×5 mm3)
sapphire target [33], while the EDELWEISS experiment
demonstrated 60 eV on a 33.4 g (20 mm  × 20 mm)
germanium target [34]. The challenge consists in scaling
up the technology to thousands detectors, by improv-
ing the detector reproducibility and the multiplexing
capability. While it is customary to quantify the size
of the detector by its mass, here we choose to fix its
volume, since in cryogenic experiments the technology
scale up depends mainly on the size and number of de-
tectors, irrespective of their density, and since in the
setup we are proposing the neutrino flux depends on
the detector geometry. We choose a volume of 2 dm3,
which corresponds to ∼ 5−12 kg depending on the tar-
get considered, and we choose a cylindrical shape with
10 cm diameter.
To maximize the neutrino flux we place the source as
close as possible to the detector. Custom cryostat tails
can be realized with a thickness of ∼ 5 cm between the
low temperature volume hosting the detector and the
outside. The source, surrounded by its shield, is then
placed around the cryostat, in a toroidal configuration.
We perform simulations to determine the source height
and thickness that maximize the neutrino flux, keep-
ing the volume fixed to the GALLEX measured value
of 10 dm3. To determine the shield thickness we also
simulate the irreducible γ background from the inner
bremsstrahlung of 51Cr, restricting to Sapphire targets.
Figure 3 sketches the proposed configuration of the ex-
periment, where we also allow for 1 cm tolerance be-
tween the detector and the inner cryostat shield and
between the outer cryostat shield and the source shield.
The internal thickness of the tungsten shield that en-
sures a background one order of magnitude below the
neutrino signal is 12 cm. The external thickness is fixed
to the safety requirement of 8 cm. The source height
and thickness that maximize the neutrino flux are 25
and 2.5 cm, respectively.
4Fig. 3: Left: cylindrical detector of 2 dm3 with 5 cm
radius, placed inside a cylindrical cryostat 5 cm thick.
The 10 dm3 source is deployed in a toroid around the
cryostat and shielded in the radial direction by 12 cm
of tungsten. The source is at an average distance of 25
cm from the detector center, and its height (25 cm) is
chosen to maximize the neutrino flux. Right: simulation
of the neutrino flux at the detector in cylindrical coor-
dinates for a 51Cr source with initial activity of 5 MCi
averaged over 2 half-lives (55.4 days).
The neutrino flux at the detector, averaged over two
51Cr half-lives, ranges between 1.0 and 1.2×1013ν/cm2s
depending on the impact position, with an average of
1.1 × 1013ν/cm2s. The counts registered in the detec-
tor as a function of its energy threshold, for the targets
used in present experiments, are shown in Fig. 4. With
a threshold of 20 eV, sapphire detectors would register
900 counts, corresponding to a 2.8% precision on the
cross-section measurement without considering back-
grounds. In case the detector technology advances and
pushes down the threshold, a germanium target would
register 3900 counts with a threshold of 8 eV, corre-
sponding to a 1.4% precision. Silicon would provide a
factor 2 lower counts than sapphire whereas calcium
tungstate, to overcome the germanium performances,
would require an energy threshold below 3 eV, a value
that appears difficult to achieve.
The background at low energies due to Compton
scattered γs must be studied with detailed measure-
ments and simulations. With our Geant4-based simula-
tion we estimated that, with a 12 cm tungsten shield,
Ag impurities in the GALLEX sample must be reduced
from ppm to ppb to not generate a background1. The
environmental background is hard to predict since there
are no measurements at such low energies: experiments
1 The Geant4 simulation we use is not trustworthy at ener-
gies below 1 keV. We extrapolate the continuum generated
by Compton scattering in the region 1− 10 keV down to the
neutrino signal region, which is below 60 eV. Dedicated mea-
surements are needed to measure and simulate the physical
processes taking place at such low energies.
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Fig. 4: Counts above threshold for different types of 2
dm3 detectors from 55.4 days of exposure to a source
of 5 MCi initial activity, in the same experimental con-
figuration of Fig. 3.
will hopefully start soon, and provide key information.
The most worrisome background could be due to neu-
trons, which could be absorbed with additional shield-
ing.
To increase the exposure, aside the increase of the
detector size, rerunning the same experiment is in prin-
ciple possible. As described in Sec. 2, the Cr sample
could be exposed back to neutrons and the experiment
could restart. In this view, and also considering the
short half-life, the experiment should be performed close
to, or even inside the nuclear reactor complex where the
source is activated. For a 100 MW reactor, neutrinos
from the core would appear as a continuum background
10 times smaller than the signal if the experiment is lo-
cated at a distance greater than 25 m.
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